Two-dimensional (2D) van der
As the research of ferroelectrics moves towards the 2D limit, the existence of ferroelectricity in monolayer (ML)-thick materials has been confirmed in both van der Waals MLs 1,2 and epitaxial perovskites 3 . Compared with traditional perovskite ferroelectric thin films, 2D ferroelectrics bring the freedom of fabricating functional van der Waals heterostructures without the restriction of lattice matching.
Many layered ferroelectrics, such as CuInP2S6 4 , SnTe 1,5-7 , In2Se3 [8] [9] [10] [11] [12] [13] , WTe2 14 and MoTe2 2 , have been discovered in the past few years. Despite a recent demonstration of switching of the out-of-plane polarization in MoTe2 MLs 2 , the controlled electrical switching of in-plane polarization at the thickness of a single van der Waals ML has remained elusive. The out-of-plane polarization has been manipulated via piezoresponse force microscopy (PFM) or overlaid electrodes in several-layer thick van der Waals ferroelectrics 4, 8, 10, [12] [13] [14] and freestanding perovskite thin films 27 , but the switching of in-plane polarization is a more complex process: for instance, ferroelectric SnTe ML, an isostructural cousin of the SnSe ML reported in this article, has been grown on graphene substrates in the recent past 1, [5] [6] [7] , but controlling its inplane polarization has proven to be a formidable task. This is because conventional techniques employed to create in-plane electric fields in ferroelectric thin films are unsuitable for these MLs, as PFM lacks inplane sensitivity at sub-nanometer film thicknesses and co-planar electrodes face short circuit problems on conductive graphene substrates. Previous studies have achieved only an uncontrolled switching through STM tip induced domain wall motion in SnTe MLs at 4.7 K 1 . Overcoming these obstacles, we employed a variable temperature STM to controllably switch the in-plane polarization in SnSe MLs at room temperature, and to demonstrate its ferroelectric transition temperature to be as high as 380 ~ 400 K, the highest among the family of ferroelectric group-IV monochalcogenide MLs up to now. These results open the door to the potential fabrication of sub-nanometer-thick ultrathin memories, non-linear optic, spintronic and valleytronic devices that operate at room temperature.
We first establish the conformation of ultrathin SnSe nanoplates grown on epitaxial graphene prepared on 6H-SiC(0001) surfaces. Belonging to the noncentrosymmetric space group Pnm21, a SnSe ML contains two strongly bonded atomic layers separated by 2.8 Å. The lattice vectors a1 and a2 are parallel and perpendicular to the in-plane spontaneous polarization P, respectively. As seen in Fig. 1a , the edges of 3 rectangular SnSe ML plates occur along the <11> directions, with two edges hosting positive bound charges and the other two having negative bound charges. The SnSe plates display three relative crystalline orientations where a1 (a2) aligns with the graphene's zigzag (armchair) direction. Accordingly, their inplane polarization points along one of the six directions shown in Fig. 1b given that a crystalline orientation allows two conformations with antiparallel polarizations. Such highly oriented growth, which is not seen for SnTe MLs on this substrate 1, 6 , is further confirmed by reflection high energy electron diffraction (RHEED) patterns and large-scale dI/dV mapping images ( S5 ). Such an exponential decay is due to screening from the metallic graphene substrate. Without screening, the decay would take a much slower logarithmic form in a 2D ferroelectric with in-plane polarization, in analogy with the electric potential generated by charged wires.
Though still resolvable, band edges become less clear on dI/dV spectra acquired at room temperature (Fig. S6) . In that case, and as seen in Figs C/m from our first principles calculations. The walls in Fig. 1g have domains joining "tail-to-tail" and the 34° zigzag angle leads to a bound charge density of λP = 0.58P. Now that the SnSe ML plates are characterized, we discuss the principal contribution of the present work: their controlled ferroelectric switching at room temperature by moving, creating and eliminating the 180° domain walls, achieved by applying bias voltage pulses with an STM tip situated at a lateral distance d0 away from the SnSe plate as illustrated in Fig. 2a . The width of the uprising edge of these pulses is 0.14 ms (Fig. 2b) , much longer than the relaxation time of the carriers in graphene 28 , thus the electric field induced by the pulse can be regarded as quasi-static. The pulse voltage VP lasts for tP = 50 ms, unless otherwise specified. In Figs. 2c-f, the switching process is demonstrated as a series of pulses were applied with the STM tip placed at d0 = 20 nm away from a corner of the plate. There were two domains and a 180° domain wall across the plate at the onset; the domain with P parallel to E// expanded and the one with P
antiparallel to E// shrunk as the first VP = −5 V pulse was applied (Fig. 2c) . The whole plate turned into a 5 single domain with P parallel to E// (Fig. 2d ) after a second −5 V pulse took place. A new domain wall was created as a +8 V pulse was applied, and part of the polarization in this plate was switched to the opposite direction (Fig. 2e) . Finally, another +8 V pulse set the whole plate into a single domain again but inverting P from its initial direction (Fig. 2f) . The polarization of a SnSe ML plate can be repeatedly and controllably switched this way, and additional experiments are given in Fig. S8 . In Supplementary Information , we also present a video to show back-and-forth domain wall motion by the applying bias voltage pulses of opposite signs with the STM tip staying at the same location.
Successful switching requires pulses to be applied on the graphene substrate and away from the SnSe ML plate, because the STM-tip-induced electric field has an out-of-plane component Ez several orders of magnitude larger than its in-plane component E// (Fig. 3a) . Such a huge Ez can lead to the electric breakdown when the tip is above of a SnSe ML plate. For instance, assuming VP = 5 V and a tip-sample distance of 5 Å, Ez can easily reach 10 8 V/cm beneath the STM tip.
Judging from Fig. 3b , which shows statistics of many single bias voltage pulse experiments, a pulse with shorter d0 and larger |VP| has a higher probability of inducing domain wall motion. The uncertainty of the effect of a single pulse might be a result of the complicated shape of the STM tip and the environment of the SnSe ML plates-domain wall pinning could happen due to the defects, wrinkles or atomic steps on the substrate. In order to quantitatively determine the critical field of domain wall motion, E//,c, we carried out a series of experiments in which |VP| was gradually increased until domain wall motion was observed (see Fig. S8 for details). Comparing the experimental critical pulse voltages |VP,c| with the E// obtained from numerical simulations in Fig. 3c (see also Fig. S9 for details of the simulations), we derived the corresponding critical fields for different d0 in Fig. 3d . Our data suggests that for d0 ≥ 30 nm, E//,c converges to 1.4 ± 0.2 × 10 5 V/cm, which we consider to be the intrinsic critical field for domain wall motion. The E//,c for shorter d0 is higher, probably because of nonlinear electrostrictive effects induced by the very large
Ez at these distances.
We now determine the transition temperature Tc above which the spontaneous polarization is suppressed. In Fig. 4 , we used a variable temperature STM to study the temperature dependence of band 6 bending at the edges of the SnSe ML plate shown in Fig. 1d . 25, 26 , and nonlinear photocurrent switching devices 22 -one step closer to reality. Additionally, we envision that the coupling between existing 2D ferromagnets and 2D ferroelectrics via vertical or horizontal heterojunctions may lead to an eventual deployment of layered artificial multiferroics. 
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